Plain language summary
======================

The resistance of bacteria to conventional antibiotics is steadily increasing, necessitating development of novel antibacterials. One of the alternatives to conventional antibiotics is silver nanoparticles (AgNP) that, due to their excellent antimicrobial properties, are already widely used in consumer products and in medicine. It is commonly accepted that AgNP interact with bacterial cell envelope, but the primary cellular targets of AgNP are not known. The significance of our research is in identifying that AgNP act on inner membrane (ie, plasma membrane; PM) of gram-negative bacteria *Escherichia coli* and *Pseudomonas aeruginosa* and target cellular processes associated with PM. More precisely, the rapid antibacterial action of AgNP on PM was mediated via shed Ag^+^ ions. Therefore, we proposed that the design of AgNP-based antimicrobials should focus on the burst release of Ag^+^ ions to ensure rapid killing of bacteria, thereby avoiding the development of resistant bacterial strains. Moreover, a suite of methods applied in this study is useful for evaluation of various rapidly acting antibacterials.

Introduction
============

Silver nanoparticles (AgNP) (1--100 nm) are the most widely used nanoparticles (NP) in consumer products, mostly due to their excellent antimicrobial properties.[@b1-ijn-13-6779]

However, the mechanisms of antibacterial action of AgNP are still disputable. A recent comprehensive review by Djurišić et al[@b2-ijn-13-6779] summarized four main tentative mechanisms of antibacterial action of metal oxide NP: 1) generation of ROS, 2) partial dissolution accompanied by release of toxic metal ions, 3) NP accumulation on membrane surface, and 4) cellular uptake of NP. Although all of these four mechanisms are also relevant for antimicrobial action of AgNP, the prevailing mechanism of dissolving AgNP is the oxidative dissolution on bacterial surface and subsequent release of Ag ions.[@b3-ijn-13-6779] Indeed, in our previous study we showed that the interaction of NP with bacterial cell wall accompanied by the release of toxic Ag^+^ ions significantly contributed to the antibacterial action of various AgNP on different gram-negative and gram-positive bacteria.[@b4-ijn-13-6779] In addition, we observed that medically important pathogenic bacteria *Pseudomonas aeruginosa* were inherently more susceptible to AgNP (especially to the colloidal form of AgNP, Collargol) than *Escherichia coli* cells. The current study is a continuation of our previous work and aims to provide detailed insight into the interactions of AgNP with gram-negative bacteria *E. coli* and *P. aeruginosa* with the focus on the effects on bacterial cell membranes. We selected the colloidal form of AgNP, Collargol, as the model AgNP since it has a long history of usage and is prescribed as a medication in several countries.[@b1-ijn-13-6779] In addition, Collargol is a commercial product with defined composition and, different from many other NP, has exceptional stability in suspension.

Human opportunistic pathogens *E. coli* and *P. aeruginosa* were selected as bacterial models. Both are gram-negative bacteria, ie, have two membranes in their cell envelope -- the outer membrane (OM) and the plasma membrane (PM) that possess different compositions and therefore, distinct functions ([Figure 1](#f1-ijn-13-6779){ref-type="fig"}). OM is covered by the dense layer of highly negatively charged lipopolysaccharides (LPS) and serves as a selective permeability barrier. OM prevents the entrance of hydrophobic substances and macromolecules,[@b5-ijn-13-6779] but allows the entrance of small charged molecules into the periplasm through the porins -- narrow channels passable for ions and nutrients. In contrast, PM is relatively permeable for hydrophobic compounds but not for the inorganic ions and hydrophilic compounds.[@b6-ijn-13-6779],[@b7-ijn-13-6779] PM is of utmost importance for bacteria since all the vital membrane-related functions of prokaryotic cells are performed in the PM (eg, respiratory chain functions, lipid biosynthesis, protein secretion, and transport events).[@b5-ijn-13-6779],[@b8-ijn-13-6779]

To reach the PM of gram-negative bacteria, Ag ion/AgNP should first pass OM. Most likely, Ag^+^ ions pass the OM through porins[@b9-ijn-13-6779]--[@b11-ijn-13-6779] inducing several toxic events hampering the vital functions of PM. For instance, Dibrov et al[@b12-ijn-13-6779] showed that Ag^+^ ions induced dissipation of pH gradient on membrane of inside-out membrane vesicles of *Vibrio cholerae*. Authors suggested that H^+^ leakage is the main mechanism behind the bactericidal action of Ag^+^ ions in *V. cholerae*, and assumed that it occurs due to the unspecific, Ag^+^-induced modification of proteins or phospholipid bilayer.

In contrast to Ag^+^ ions, the mechanism by which AgNP interact with the cells and possess an antibacterial effect has not yet been convincingly revealed. It is hypothesized that AgNP enter the cells by creating irregular shaped pits on the bacterial surface, inducing the LPS release and damaging the bacterial OM.[@b10-ijn-13-6779],[@b13-ijn-13-6779]--[@b16-ijn-13-6779] These events allow the penetration of AgNP into periplasm where AgNP act similarly to Ag^+^ ions, ie, inhibit SH-groups containing enzymes due to the very high affinity of Ag ions toward sulfur-containing groups.[@b15-ijn-13-6779]

The main aim of this study was to differentiate the adverse effects of Ag ions (AgNO~3~) and AgNP (Collargol, protein-coated AgNP) on bacterial OM and PM. To achieve this, different approaches were used: 1) bacterial bioluminescence inhibition assay to estimate rapid changes in bacterial general metabolism; 2) bacterial viability testing to determine minimal bactericidal concentration (MBC) of Ag compounds; 3) 1-N-phenylnaphthylamine (1-NPN) assay to estimate the integrity of OM; 4) tetraphenylphosphonium (TPP^+^) assay to discriminate the effect of Ag compounds on PM and OM; and 5) K^+^ content and cellular respiration to evaluate the effects of Ag compounds on PM. All the assays addressed the rapid effects of studied compounds on bacterial metabolism in general, bacterial OM or PM, as depicted in [Figure 1](#f1-ijn-13-6779){ref-type="fig"}.

Materials and methods
=====================

Chemicals
---------

All the chemicals were at least of analytical grade. Polymyxin B (PMB) and 3,5-dichlorophenol (3,5-DCP) Pestanal were purchased from Sigma-Aldrich Co. (St Louis, MO, USA), AgNO~3~ from J.T. Baker (Phillipsburg, NJ, USA), protein (casein)-coated colloidal AgNP from Laboratorios Argenol S. L. (Zaragoza, Spain) (ordered as a suspension, batch no 297), propidium iodide from Fluka (Steinheim, Germany), and TPP^+^ chloride from Sigma-Aldrich Co. The stock solutions of AgNO~3~ and AgNP were prepared at 2 mM (215.7 mg Ag/L, 20 mL) in autoclaved deionized water and further stored in the dark at +4°C. The stock solutions were vortexed before each use. If not stated otherwise, all subsequent dilutions and experiments were performed in Ag^+^ ions noncomplexing buffer consisting of 50 mM 3-(N-morpholino)propanesulfonic acid (MOPS) adjusted to pH 8 with (hydroxymethyl)aminomethane (Tris) and further referred to as MOPS-Tris buffer.

Characterization of AgNP
------------------------

The shape, primary size, and coating (casein) content of AgNP were determined in our previous publication ([Table 1](#t1-ijn-13-6779){ref-type="table"}). Hydrodynamic size (measured by dynamic light scattering), polydispersity index (PDI), and ζ-potential in MOPS-Tris buffer were measured at a concentration of 200 mg/L using Malvern Zetasizer (Nano-ZS; Malvern Instruments, Malvern, UK). Dissolution of AgNP was quantified using atomic absorption spectroscopy (AAS). For that, AgNP were incubated in MOPS-Tris at a concentration of 10 mg/L for 10 minutes, 1 hour, or 24 hours, ultra-centrifuged (390,000 *g*, 30--60 minutes), and the supernatant was analyzed by AAS in an accredited[@b17-ijn-13-6779] laboratory of the Institute of Chemistry of Tallinn University of Technology, Estonia. The ratio of determined dissolved Ag to total nominal metal in AgNP was designated as dissolution (%).

Bacterial strains and cultivation of bacteria
---------------------------------------------

*E. coli* MC1061 (obtained from Prof Matti Karp, University of Tampere, Finland) and *P. aeruginosa* DS10-129 (isolated from soil)[@b18-ijn-13-6779] were used in all experiments. All cultivations were performed on a shaker at 200 rpm and at 30°C instead of conventional 37°C since some of the tests involved bio-luminescent bacteria. The production of bioluminescence in bioluminescent bacteria consumes a considerable amount of energy, and we observed that the lower temperature was preferred for the enhanced stability of bioluminescence-encoding elements. Bacteria were pre-grown overnight in 3 mL of NaCl-free Luria-Bertani medium (LB, 10 g tryptone and 5 g yeast extract per liter, pH =7). In case of genetically modified bioluminescent *E. coli* and *P. aeruginosa* (more information in the following paragraph), medium was supplemented with appropriate antibiotics (100 mg ampicillin per liter for *E. coli* and 10 mg tetracycline for *P. aeruginosa*). Ten to fifty mL of fresh medium was inoculated with 1/20 diluted overnight culture and bacteria were grown until mid-exponential phase (OD~600~ of \~1), centrifuged at 6,000 *g* for 5 minutes, washed twice with equal amount of 50 mM MOPS-Tris, and adjusted to OD~600~=1 corresponding to approximately 10^9^ colony forming units (cfu)/mL.

ζ-potential of bacteria was measured in MOPS-Tris buffer using Malvern Zetasizer.

Bacterial bioluminescence inhibition assay 10-minute EC~50~
-----------------------------------------------------------

Constitutively luminescent recombinant bacteria *E. coli* MC1061 (pSLlux)[@b19-ijn-13-6779] and *P. aeruginosa* DS10-129 (pDNcadlux)[@b18-ijn-13-6779] bearing bioluminescence encoding plasmid were used. Bacteria were grown and prepared as described previously (ie, approximately 10^9^ cfu/mL were used for the test). Bacterial acute bioluminescence inhibition assay (exposure time 10 minutes) was conducted at room temperature on white sterile 96-well polypropylene microplates (Greiner Bio-One GmbH, Kremsmünster, Austria) following the Flash-assay protocol,[@b20-ijn-13-6779] essentially as described by Kurvet et al.[@b21-ijn-13-6779] To obtain the concentration-effect curves, 5--7 sequential exponential dilutions of each compound were analyzed for inhibition of bacterial luminescence. The following concentrations of test chemicals were used: AgNP and AgNO~3~ from 2.5 to 320 µM (0.27--35 mg Ag/L); PMB from 1.2 to 160 µM (1.66--222 mg/L); 3,5-DCP from 47.9 to 6,135 µM (7.8--1,000 mg/L). Testing was performed in MOPS-Tris. Three to six independent experiments were performed in duplicate. The 10-minute EC~50~ the concentration of a compound reducing the bacterial bioluminescence by 50% after being in contact for 10 minutes) values were calculated from the concentration vs 10-minute inhibition curves based on nominal exposure concentrations as described by Kurvet et al[@b21-ijn-13-6779] using the log-normal model of MS Excel macro Regtox.[@b22-ijn-13-6779]

Evaluation of the MBC
---------------------

Since bacterial bioluminescence inhibition test does not fully reflect the viability of cells, bacterial viability assay as described by Suppi et al,[@b23-ijn-13-6779] was performed in addition. Briefly, at the end of the bioluminescence inhibition assay (previous paragraph) microplates were incubated for 1 hour at room temperature in the dark, and 3 µL of bacterial suspension from each test well was pipetted onto toxicant-free LB agar plate to assess the viability (1-hour MBC) of the cells after 1-hour exposure to studied compounds. The inoculated agar plates were incubated at 30°C for 24 hours and the 1-hour MBC was defined as the lowest tested concentration of the toxicant yielding no visible bacterial growth (ie, irreversible growth inhibition) on nutrient agar. Three independent experiments were performed in duplicate.

Evaluation of bacterial OM integrity by 1-NPN assay
---------------------------------------------------

The cell wall permeabilization of *E. coli* and *P. aeruginosa* by AgNO~3~, AgNP, and PMB was assayed by the cellular uptake of a hydrophobic probe 1-NPN essentially as described by Helander and Mattila-Sandholm.[@b24-ijn-13-6779] Differently from hydrophilic environment, the fluorescence of 1-NPN is significantly enhanced in a hydrophobic environment (eg, membrane lipid bilayer), rendering it an appropriate dye to probe OM integrity of gram-negative bacteria.[@b24-ijn-13-6779] Briefly, 50 µL of 40 µM 1-NPN and 50 µL of tested compound in 50 mM MOPS-Tris buffer were pipetted into wells of black microplates. An amount of 100 µL of bacterial suspension in 50 mM MOPS-Tris was dispensed into each well and the fluorescence was immediately measured (Fluoroskan Ascent FL plate luminometer \[Thermo Fisher Scientific Oy, Vantaa, Finland\]; excitation/emission filters 350/460 nm). The 1-NPN cell uptake factor was calculated as a ratio between intensity of fluorescence values of the bacterial suspension incubated with and without test compounds. Three independent experiments were performed in duplicate.

Electrochemical measurements performed on bacterial cells
---------------------------------------------------------

Bacterial cultures were grown overnight in LB broth containing 0.5% NaCl (Sigma-Aldrich Co.), then diluted 1:50 in fresh medium and further incubated until OD~600~ of 1.0. The cells were harvested by centrifugation at 4°C for 10 minutes at 3,000 *g* (Heraeus™ Megafuge™ 16R, Thermo Fisher Scientific, Waltham, MA, USA). The pelleted cells were re-suspended in LB medium without NaCl (to avoid the formation of insoluble AgCl while exposing bacteria to Ag compounds), pH 8.0, to obtain \~2×10^11^ cfu/mL. The concentrated cell suspensions were kept on ice until used, but not longer than 4 hours. TPP^+^ and K^+^ concentrations in the incubation media were potentiometrically monitored using selective electrodes as described previously.[@b25-ijn-13-6779],[@b26-ijn-13-6779] In the experiment with TPP^+^, EDTA was used to increase OM permeability of bacteria to TPP^+^ and to equilibrate TPP^+^ across the cell envelope. Since *P. aeruginosa* cells are sensitive to incubation in EDTA-containing MOPS-Tris buffer,[@b26-ijn-13-6779] 100 mM NaPi was used instead of MOPS-Tris in the experiments with these cells. The thermostated magnetically stirred glass vessels were filled with 5 mL of 50 mM MOPS-Tris, pH 8.0. After calibration of the electrodes, the concentrated cell suspension was added to obtain an OD~600~ of 1 or 2. To register potential of the electrodes we used the electrode potential-amplifying system with an ultralow-input bias current operational amplifier AD549JH (Analog Devices, Norwood, MA, USA). The data acquisition system PowerLab 8/35 (ADInstruments, Oxford, UK) was used to connect the amplifying system to a computer. Agar salt bridges were used for indirect connection of the Ag/AgCl reference electrodes (Orion model 9001; Thermo Fisher Scientific) with cell suspensions in the vessels. The measurements were performed simultaneously in 2--4 reaction vessels. The representative sets of curves from three independent series of measurements are presented in [Figures 4](#f4-ijn-13-6779){ref-type="fig"}[](#f5-ijn-13-6779){ref-type="fig"}[](#f6-ijn-13-6779){ref-type="fig"}--[7](#f7-ijn-13-6779){ref-type="fig"}.

Dissolved oxygen level in the medium was monitored by dissolved oxygen probe (Orion model 9708; Thermo Fisher Scientific), as described previously.[@b25-ijn-13-6779] At the end of every experiment, solid Na~2~S~2~O~5~ (Sigma-Aldrich Co.) was added to vessels to obtain a final concentration of approximately 20 mM and deplete the dissolved oxygen (0% baseline). Concentration of the dissolved oxygen in the medium before addition of cells was set as 100%.

In the oxidation experiment, AgNP were step-wise oxidized (dissolved) using KMnO~4~. Solutions of 2 mM AgNP and 0.05--0.5 mM KMnO~4~ were mixed 1:1 16--18 hours before the experiment. Oxidized AgNP were added to bacterial suspensions and TPP^+^ concentration was potentiometrically monitored as described previously.

Statistical analysis
--------------------

All tests were performed in duplicate and in at least three independent experiments. The data were expressed as mean ± SD or shown as representative figure. To define statistically significant differences, the data were analyzed with unpaired two-tailed Student's *t*-test assuming equal variances at *P*\<0.01.

Results
=======

Physico-chemical characterization of AgNP
-----------------------------------------

Physico-chemical characteristics of studied AgNP are shown in [Table 1](#t1-ijn-13-6779){ref-type="table"}. AgNP have been described for primary size (12.5±4 nm) and percentage of coating (30% casein of the dry weight of the particles, analyzed by thermogravimetry) earlier by Blinova et al.[@b27-ijn-13-6779] The AgNP formed stable dispersion in the MOPS-Tris buffer (PDI of 0.31) with the hydrodynamic diameter of 50 nm ([Table 1](#t1-ijn-13-6779){ref-type="table"}). The dissolution of AgNP in the test conditions was time-dependent and relatively high: from 26.9% after 10 minutes of incubation to 66.3% after 24 hours of incubation.

To rule out the ROS-associated toxicity, the potential of AgNP to generate ROS was measured. No ROS were induced by 0.3--100 µM AgNP in abiotic conditions after 1-hour incubation in 50 mM MOPS-Tris according to 2′,7′-dichlorofluorescein assay (data not shown).

Effect of studied compounds on bacterial bioluminescence
--------------------------------------------------------

The bacterial bioluminescence assay was used to assess the effects of the studied compounds on bacterial metabolic activity. The bioluminescence of bacteria is an outcome of a complex chain of biochemical reactions, where reduced flavin mononucleotide (FMNH~2~), a long-chain fatty acid aldehyde, luciferase, and a cofactor NADH are the key players. Thus, any decrease of bacterial metabolic activity can be registered as a decrease in light output (inhibition of bioluminescence).[@b29-ijn-13-6779] All tested compounds had rapid (acting on second-scale) effects on bacterial bioluminescence ([Figure 2A--D](#f2-ijn-13-6779){ref-type="fig"}) and thus, interfered with the systems connected to the energy production. 3,5-DCP, a chemical included as the control due to its wide use as a standard in various toxicological tests,[@b30-ijn-13-6779] caused comparable bactericidal effect on both bacteria ([Figure 2E and F](#f2-ijn-13-6779){ref-type="fig"}). Differently from 3,5-DCP, Ag^+^ ions and AgNP were more toxic to *P. aeruginosa* than to *E. coli*, while PMB was more toxic to *E. coli* ([Figure 2A--D](#f2-ijn-13-6779){ref-type="fig"}).

Compared with the bioluminescence inhibition test ([Figure 2A--D](#f2-ijn-13-6779){ref-type="fig"}), in the viability assay exposure to higher concentrations of chemicals was needed to irreversibly inhibit bacterial growth ([Figure 2E--F](#f2-ijn-13-6779){ref-type="fig"}). This difference was less remarkable for PMB (24-hour MBC values were nearly comparable to the respective 10-minute EC~50~ values) and more pronounced for Ag compounds, implying that inhibition of bacterial metabolism by Ag compounds did not instantly lead to cell death. Ag compounds completely abolished bacterial growth at concentrations from 10 µM (AgNO~3~) to 40 µM (AgNP) for *P. aeruginosa* and from 80 µM (AgNO~3~) to 320 µM (AgNP) for *E. coli* ([Figure 2C and D](#f2-ijn-13-6779){ref-type="fig"}). On the basis of 4× difference between the bactericidal effect of AgNO~3~ and AgNP evident for both bacteria, we hypothesized that dissolution of AgNP (26.9% in the test medium, [Table 1](#t1-ijn-13-6779){ref-type="table"}) could have accounted for that result.

Evaluation of bacterial OM integrity by 1-NPN assay
---------------------------------------------------

The impact of Ag^+^ ion and AgNP on the barrier properties of the cell envelope was studied using nonpolar dye 1-NPN that has strong fluorescence in the lipid environment but only weak fluorescence in the hydrophilic medium.[@b24-ijn-13-6779] The access of 1-NPN to lipid environment depends on the OM permeability (on structural order of LPS in the OM) and/or activity of the efflux pumps. When the membrane-active compounds disturb the integrity of OM, the lipophilic phase of cell envelope becomes accessible to hydrophobic agents, such as 1-NPN. Thus, the increase of 1-NPN fluorescence could be interpreted as the loss of OM integrity.[@b24-ijn-13-6779] Alternatively, the fluorescence can increase in case of the general de-energization of cells leading to the inhibition of efflux of lipophilic compounds, including 1-NPN.[@b31-ijn-13-6779]

A cationic peptide, PMB, was used as a positive control due to its ability to disrupt the OM barrier and diminish the membrane potential.[@b7-ijn-13-6779] PMB increased the 1-NPN fluorescence approximately 3-fold in both *E. coli* and *P. aeruginosa* suspensions ([Figure 3A and B](#f3-ijn-13-6779){ref-type="fig"}). AgNO~3~ affected the 1-NPN fluorescence in case of *E. coli* cells starting from 5 µM and AgNP starting from 40 µM, although their effect was weaker than that in case of PMB. As the dissolution of AgNP was 26.9% at these conditions ([Table 1](#t1-ijn-13-6779){ref-type="table"}), the effects of AgNP on 1-NPN fluorescence were most probably caused by Ag^+^ ions released from AgNP.

Differently from *E. coli*, no effect of Ag compounds (neither AgNO~3~, nor AgNP) was observed in the case of *P. aeruginosa* suspensions ([Figure 3B](#f3-ijn-13-6779){ref-type="fig"}). This was in contrast to higher toxicity of AgNO~3~ and to AgNP toward *P. aeruginosa* than to *E. coli* cells ([Figure 2](#f2-ijn-13-6779){ref-type="fig"}) indicating that the OM was not a primary target of Ag compounds. Thus, we analyzed AgNO~3~ and AgNP effects on bacteria in more detail, monitoring their interaction with PM and OM using TPP^+^ assay.

Evaluation of the permeability of bacterial membranes by TPP^+^ assay
---------------------------------------------------------------------

To assay effects of AgNP and Ag^+^ ions on the permeability of bacterial OM and PM, TPP^+^ accumulation inside the cells (in the cytosol) was analyzed. Accumulation of TPP^+^ in the cytosol depends on the difference of electrical potential across the PM (membrane potential) and the OM barrier. The OM forms a permeability barrier to lipophilic ions like TPP^+^, whereas PM is permeable to TPP^+^. Thus, accumulation of TPP^+^ by the cells would indicate permeabilization of the OM by the Ag compounds, whereas leakage of the accumulated TPP^+^ would indicate the depolarization of PM.[@b7-ijn-13-6779] *E. coli* and *P. aeruginosa* cells with the intact OM accumulated low amounts of TPP^+^ and additions of increasing concentrations of AgNO~3~ to bacterial suspensions did not induce any additional binding of TPP^+^ to the cells, indicating that Ag compounds did not act on OM (data not shown).

To induce the accumulation of TPP^+^ and to measure the effect of Ag compounds on PM, EDTA was added to the cells. EDTA removes divalent cations from the LPS layer, increasing the permeability of the OM to lipophilic compounds.[@b7-ijn-13-6779] Both bacteria accumulated considerable amounts of TPP^+^ when 0.1 mM EDTA was added to the cell suspensions ([Figure 4](#f4-ijn-13-6779){ref-type="fig"}). Addition of 1--2.5 µM AgNO~3~ did not induce any changes in the amount of cell-accumulated TPP^+^, but 5 µM and higher concentrations of Ag^+^ ions induced release of TPP^+^ from the cells. Addition of 20 µM Ag^+^ ions induced release of the maximal amount of TPP^+^. In experiments with AgNP, 160 µM concentration was needed to depolarize the bacterial PM and induce leakage of accumulated TPP^+^ ([Figure 4C and D](#f4-ijn-13-6779){ref-type="fig"}).

Evaluation of the permeability of the bacterial PM by K+ leakage assay
----------------------------------------------------------------------

Concentration of K^+^ ions in incubation medium was monitored to evaluate the effects of AgNP and Ag^+^ ions on barrier functions of the PM. In contrast to TPP^+^, K^+^ ions easily cross the OM through porins but the PM forms a barrier to this ion. Therefore, K^+^ gradient specifically characterizes the PM.

Addition of 10 µM AgNO~3~ induced leakage of accumulated K^+^ from the cells of both bacteria ([Figure 5](#f5-ijn-13-6779){ref-type="fig"}). Notably, accumulation of K^+^ in cells is an energy-dependent process that is sensitive to depolarization of the PM. Taking into account that depolarization of the PM observed in TPP^+^ assay ([Figure 4](#f4-ijn-13-6779){ref-type="fig"}) preceded the leakage of accumulated K^+^ ions ([Figure 5](#f5-ijn-13-6779){ref-type="fig"}), we suggest that depolarization of the PM was the reason of dissipation of K^+^ gradient. Unfortunately, it was technically not possible to register AgNP-induced K^+^ release since high concentrations of AgNP affected the K^+^ electrode.

Evaluation of the permeability of bacterial PM using cell respiration assay
---------------------------------------------------------------------------

To understand the mechanism of Ag^+^ ion and AgNP action on bacterial PM, we analyzed the respiration activity of the cells. Starting from 1 µM concentration, the addition of AgNO~3~ stimulated the respiration of *E. coli* cells, but in 5 minutes the activation period was followed by a considerable, Ag^+^ concentration-dependent inhibition ([Figure 6A](#f6-ijn-13-6779){ref-type="fig"}). With the increase of Ag^+^ concentration, the period of enhanced respiration activity became shorter and the effect of inhibition stronger. The period of stimulated respiration of *E. coli* cells was considerably less expressed in the medium without glucose (data not shown). AgNP did not have any respiration stimulating activity in these conditions ([Figure 6B](#f6-ijn-13-6779){ref-type="fig"}). In the case of *P. aeruginosa* cells, the respiration enhancing activity of AgNO~3~ was the highest at 5 µM, and only the inhibitory activity of Ag^+^ was observed at 10 µM ([Figure 6C](#f6-ijn-13-6779){ref-type="fig"}). However, AgNP started to stimulate respiration at 40 µM and the inhibition started at 160 µM ([Figure 6D](#f6-ijn-13-6779){ref-type="fig"}). Such activation of respiration at low concentrations and inhibition at higher ones is typical for uncouplers of oxidative phosphorylation, ie, compounds permeabilizing the PM to H^+^ ions.[@b32-ijn-13-6779]

Evaluation of the permeability of bacterial membrane by TPP^+^ assay in response to oxidized NP
-----------------------------------------------------------------------------------------------

To get direct evidence that Ag^+^ ions are responsible for the PM-damaging effects of AgNP, AgNP were step-wise oxidized (dissolved) using KMnO~4~. Suspensions of AgNP (final concentration 1 mM Ag) were made in KMnO~4~ solutions of concentrations from 0.025 to 0.25 mM ([Figure 7](#f7-ijn-13-6779){ref-type="fig"}). When the concentration of KMnO~4~ in the solution was 0.025 mM, 80 µM of AgNP was needed to induce the depolarization. However, when the concentration of KMnO~4~ was increased to 0.25 mM, only 10 µM of AgNP was needed to induce the depolarization of the PM. Thus, the efficiency of AgNP depended on the concentration of KMnO~4~ in the solution, ie, on the oxidized fraction of Ag in the AgNP. Remarkably, the efficiency of maximally oxidized AgNP ([Figure 7](#f7-ijn-13-6779){ref-type="fig"}) was very close to the efficiency of AgNO~3~ solution (5 µM, [Figure 4](#f4-ijn-13-6779){ref-type="fig"}). Thus, the experiments with suspensions of AgNP in KMnO~4~ solutions clearly showed, that Ag^+^ ions are responsible for the rapid PM depolarizing effect of AgNP.

Discussion
==========

Discussions on the mechanisms of AgNP interaction with bacterial cells are continuing despite a remarkable amount of experimental data on their toxicity and possible mode of action.[@b33-ijn-13-6779]--[@b36-ijn-13-6779] One among the well-established mechanisms of action of AgNP on bacteria is their adhesion to the surface of bacterial envelope, disruption of the integrity of cellular membranes, and subsequent damage of (intra)cellular biomolecules.[@b37-ijn-13-6779] To the best of our knowledge, the exact mechanism of damage of the envelope barrier and the toxicity initiating event of AgNP have not yet been elucidated.

In this study we showed that the PM is the main target of AgNP in *E. coli* and *P. aeruginosa*. In the bacterial whole-cell bioluminescence inhibition assay ([Figure 2](#f2-ijn-13-6779){ref-type="fig"}) we observed that *P. aeruginosa* was inherently more susceptible to Ag compounds than *E. coli*, probably because the energy transformation of the former bacteria mainly depends on PM-linked ATP-ase.[@b38-ijn-13-6779] Using TPP^+^, K^+^, and respiration assays, we confirmed that the antibacterial effects of Ag and AgNP occur via challenging the PM. Indeed, exposure of bacteria to AgNP induced a set of second-scale acting toxic events targeting PM: inhibition of the respiration, depolarization of the PM, and leakage of the intracellular K^+^ ([Figures 4](#f4-ijn-13-6779){ref-type="fig"}[](#f5-ijn-13-6779){ref-type="fig"}--[6](#f6-ijn-13-6779){ref-type="fig"}). In addition, as shown in many previous studies, we confirmed that AgNP toxicity is mediated via Ag^+^ ions ([Figure 7](#f7-ijn-13-6779){ref-type="fig"}). This was observed in bacterial bioluminescence inhibition assay ([Figure 2](#f2-ijn-13-6779){ref-type="fig"}) in combination with AgNP dissolution studies ([Table 1](#t1-ijn-13-6779){ref-type="table"}), and confirmed by AgNP oxidation assay which showed that Ag^+^ ions dissolving from AgNP were driving the quick toxic effects of AgNP on the bacterial PM ([Figure 7](#f7-ijn-13-6779){ref-type="fig"}). Most likely, the action of Ag^+^ ions on PM is unspecific and occurs through binding of Ag^+^ ions to SH-groups of vitally important enzymes localized on the PM.[@b12-ijn-13-6779],[@b15-ijn-13-6779]

Surprisingly, we did not observe any specific effects of Ag compounds on bacterial OM ([Figures 3](#f3-ijn-13-6779){ref-type="fig"} and [4](#f4-ijn-13-6779){ref-type="fig"}). Several studies involving transmission electron microscopy have previously shown structural changes in the surface of bacteria after exposure to AgNP, and proposed that physical interaction with AgNP and/or ROS was the primary cause of cell death.[@b10-ijn-13-6779],[@b13-ijn-13-6779],[@b16-ijn-13-6779] It is highly possible that different AgNP have distinct antibacterial mechanisms that seem to depend on AgNP dissolution. For example, the study by Ramalingam et al[@b16-ijn-13-6779] revealed that biosynthesized AgNP with low dissolution rates caused physical and ROS-mediated damage to bacterial cells. Authors showed that in the absence of AgNP, ζ-potential values of *E. coli* and *P. aeruginosa* cells in 50 mM phosphate buffer were −28.5 mV and −20.6 mV, respectively, whereas they became less negative after incubation with AgNP, suggesting cell-NP interaction and neutralization of the cell surface charge by AgNP. Our surface charge measurements revealed results similar to Ramalingam et al:[@b16-ijn-13-6779] −39.1 mV and −22.4 mV for *E. coli* and *P. aeruginosa* cells in MOPS-Tris buffer, respectively, that, however, did not change after incubation with AgNP. Also, in contrast to the study by Ramalingam et al,[@b16-ijn-13-6779] AgNP used in our study did not induce ROS. Thus, it can be suggested that AgNP with high dissolution rates kill bacteria via Ag^+^ ion-mediated action before the potential induction of ROS and the effect of physical interaction can be observed. On the contrary, AgNP with lower dissolution rates are usually less cytotoxic[@b4-ijn-13-6779],[@b39-ijn-13-6779] and enable observation of the contribution of ROS and physical interaction to net cytotoxicity.

Since Ag^+^ ions dissolved from AgNP reached bacterial PM without causing significant OM damage, these data support the idea that Ag^+^ transport occurs via cation selective OM porins.[@b40-ijn-13-6779],[@b41-ijn-13-6779] Previous studies showed that *E. coli* mutant strains deficient in OmpF or OmpC porins were more resistant to Ag^+^ ions[@b9-ijn-13-6779] and to AgNP[@b11-ijn-13-6779] as compared to the wild-type strain. In addition, *ompF* gene was down-regulated in response to Ag^+^ ions and AgNP,[@b10-ijn-13-6779] suggesting that porins are crucial in antibacterial effects of Ag^+^ ions and AgNP. On the basis of our study and the previous observations, we suggest that Ag^+^ ions dissolved from AgNP enter the bacterial periplasm through porin channels and interact directly with the components of PM.

Finally, the assays used in our study showed the rapid (seconds to minutes scale) dissolution-dependent antimicrobial mechanisms of Ag compounds on both bacteria. We observed that the rapid toxicity of AgNP to *E. coli* and *P. aeruginosa* differed only a few times ([Figure 2](#f2-ijn-13-6779){ref-type="fig"}) in this study, while the long-term toxicity (exposure time of 4 hours) of AgNP was almost two orders of magnitude different for these two bacteria, as shown in our previous article.[@b4-ijn-13-6779] Thus, the rapid dissolution-dependent effects of AgNP might be universal but the time-dependent effects seem to be specific to different bacteria. For example, the long-term effects may be related to the capacity of bacteria to induce oxidative dissolution of adsorbed AgNP to Ag^+^ ions and/or alter the efficiency of Ag^+^ efflux. For instance, it has been shown that *E. coli* with the more active efflux transporters of Ag^+^ ions (eg, SilCFBA) is more resistant to Ag.[@b42-ijn-13-6779]

Conclusion
==========

We demonstrated that Ag^+^ ions and dissolving AgNP induced a cascade of rapid toxic effects targeting PM of *E. coli* and *P. aeruginosa*, including inhibition of respiration, depolarization of the PM, leakage of the intracellular K^+^, and inhibition of metabolic activity. These fast (seconds to minutes scale) adverse effects of AgNP and AgNO~3~ depended on released Ag^+^ ions targeting the PM, whereas the effect on bacterial OM in this time scale was negligible. Therefore, we propose that the design of AgNP-based antimicrobial materials should focus on the burst release of Ag^+^ ions to ensure the rapid killing of bacteria, thereby avoiding the development of resistant bacterial strains. The set of methods applied in this study is suitable for evaluation of rapidly acting antibacterials.
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![Effects of AgNP on gram negative bacterial envelope.\
**Notes:** Schematic structure of cell envelope of gram-negative bacteria and possible localization and transport mechanisms of Ag ions and AgNP (left). Summary of the assays used in the current study and addressing the effects of studied compounds on cell envelope in general, bacterial OM or PM (right).\
**Abbreviations:** AgNP, silver nanoparticles; OM, outer membrane; PM, plasma membrane; 1-NPN, 1-N-phenylnaphthylamine; TPP^+^, tetraphenylphosphonium.](ijn-13-6779Fig1){#f1-ijn-13-6779}

![Toxicity of AgNO~3~, AgNP, PMB, and 3,5-DCP to bioluminescent *E. coli* and *P. aeruginosa*.\
**Notes:** (**A**, **B**) Dose-response curves (inhibition of bioluminescence in bacteria) after 10-minute exposure to Ag compounds, PMB, and 3,5-DCP in MOPS-Tris buffer. (**C**, **D**) 10-minute EC~50~-s calculated from the dose-response curves presented in panels (**A** and **B**), n=5; average ± SD is shown. (**E**, **F**) Minimal bactericidal concentrations of Ag compounds, PMB, and 3,5-DCP after 1-hour incubation (1-hour MBC, µM). Red circles mark the MBC values. Data of two replicates for each compound are presented.\
**Abbreviations:** AgNP, silver nanoparticles; PMB, polymyxin B; 3,5-DCP, 3,5-dichlorophenol; EC~50~, the concentration of a compound reducing the bacterial bioluminescence by 50% after being in contact for 10 minutes; MBC, minimal bactericidal concentration.](ijn-13-6779Fig2){#f2-ijn-13-6779}

![Bacterial outer membrane integrity upon exposure to AgNO~3~, AgNP, or PMB during 10 minutes.\
**Notes:** Fluorescence of 1-NPN was used as a permeability marker. (**A**) *E. coli*, (**B**) *P. aeruginosa*.\
**Abbreviations:** AgNP, silver nanoparticles; PMB, polymyxin B; 1-NPN, 1-N-phenylnaphthylamine.](ijn-13-6779Fig3){#f3-ijn-13-6779}

![Effects of AgNO~3~ (**A**, **B**) or AgNP (**C**, **D**) on TPP^+^ accumulation by *E. coli* (**A**, **C**) and *P. aeruginosa* (**B**, **D**) cells.\
**Notes:** Experiments were performed at 37°C in 50 mM MOPS-Tris (for *E. coli*) or 100 mM NaPi (for *P. aeruginosa*) buffers, pH 8.0. The cells were added to OD 2. Unlabeled arrows indicate additions of AgNO~3~ or AgNP, numbers next to the arrows indicate Ag concentrations (µM) after the last addition. EDTA was added to the final concentration of 0.1 mM, and PMB to 100 µg/mL. In (**D**) 0.1 mM EDTA was added to the medium before the cells.\
**Abbreviations:** AgNP, silver nanoparticles; TPP^+^, tetraphenylphosphonium; MOPS-Tris, 3-(N-morpholino)propanesulfonic acid-(hydroxymethyl)aminomethane; PMB, polymyxin B.](ijn-13-6779Fig4){#f4-ijn-13-6779}

![Effect of Ag^+^ on K^+^ accumulation in *E. coli* (**A**) and *P. aeruginosa* (**B**) cells.\
**Notes:** Experiments were performed at 37°C in 50 mM MOPS-Tris buffer (for *E. coli*) (**A**) or 100 mM NaPi (for *P. aeruginosa*) (**B**) buffer, pH 8.0, the cells were added to OD 2. Unlabeled arrows indicate additions of AgNO~3~, numbers next to the arrows indicate Ag^+^ concentrations (µM) after the last addition.\
**Abbreviation:** MOPS-Tris, 3-(N-morpholino)propanesulfonic acid-(hydroxymethyl)aminomethane.](ijn-13-6779Fig5){#f5-ijn-13-6779}

![Effect of Ag^+^ (**A**, **C**) and AgNP (**B**, **D**) on respiration of *E. coli* (**A**, **B**) and *P. aeruginosa* (**C**, **D**) cells.\
**Notes:** Experiments were performed at 37°C in 50 mM MOPS-Tris containing 0.2% of glucose (**A**); this medium without glucose (**B**); or 100 mM NaPi without glucose (**C**, **D**); all pH 8.0, the cells were added to OD 1. Unlabeled arrows indicate additions of AgNO~3~ or AgNP, numbers next to the arrows indicate Ag concentrations (µM) after the last addition.\
**Abbreviations:** AgNP, silver nanoparticles; MOPS-Tris, 3-(N-morpholino)propanesulfonic acid-(hydroxymethyl)aminomethane.](ijn-13-6779Fig6){#f6-ijn-13-6779}

![Effect of the oxidized AgNP on TPP^+^ accumulation by *Escherichia coli* cells.\
**Notes:** The experiments were performed at 37°C in 50 mM MOPS-Tris buffer, containing 0.1 mM EDTA, pH 8.0, the cells were added to OD 2. An amount of 1 mM solution of AgNP was made in KMnO~4~ solutions of concentrations from 0.025 to 0.25 mM to oxidize (dissolve) AgNP. A black arrows indicate the additions of AgNP containing KMnO~4~ solutions, whereas numbers between arrows indicate final AgNP concentrations in the bacterial suspension after the last AgNP addition. Colors of the curves indicate different concentrations of KMnO~4~ (mM) in 1 mM AgNP solution.\
**Abbreviations:** AgNP, silver nanoparticles; TPP^+^, tetraphenylphosphonium; MOPS-Tris, 3-(N-morpholino)propanesulfonic acid-(hydroxymethyl)aminomethane.](ijn-13-6779Fig7){#f7-ijn-13-6779}

###### 

Characterization of silver nanoparticles (AgNP) used in the current study

  ----------------------------------------------------------------------------------------------------------------------------------
  Primary size, nm                                                                   12.5±4 (Blinova et al[@b27-ijn-13-6779])
  ---------------------------------------------------------------------------------- -----------------------------------------------
  Coating                                                                            Casein, 30% (Blinova et al[@b27-ijn-13-6779])

  Hydrodynamic size in MOPS-Tris,[a](#tfn1-ijn-13-6779){ref-type="table-fn"} nm      50±0.7

  Polydispersity index in MOPS-Tris[a](#tfn1-ijn-13-6779){ref-type="table-fn"}       0.31±0.02

  Surface charge of NP in MOPS-Tris,[a](#tfn1-ijn-13-6779){ref-type="table-fn"} mV   −26.6±1.7

  Dissolution[b](#tfn2-ijn-13-6779){ref-type="table-fn"} in MOPS-Tris, % \           26.9±2.0\
  10 minutes 1 hour \                                                                31.8±3.3\
  24 hours                                                                           66.3±3.3

  Abiotic generation of ROS[c](#tfn3-ijn-13-6779){ref-type="table-fn"}               No
  ----------------------------------------------------------------------------------------------------------------------------------

**Notes:**

Measured using Malvern Zetasizer;

analyzed by atomic absorption spectroscopy from supernatants of ultracentrifuged (390,000 *g*, 30 minutes) 10 µM AgNP suspensions after 10-minute, 1-hour, and 24-hour incubation in MOPS-Tris medium at room temperature.

ROS were determined using 2′,7′-dichlorofluorescin diacetate as described by Aruoja et al[@b28-ijn-13-6779] and using Mn~3~O~4~ NP as positive control. Data are presented as mean±SD.

**Abbreviations:** MOPS-Tris, 3-(N-morpholino)propanesulfonic acid-(hydroxym-ethyl)aminomethane; NP, nanoparticles.
